The African trypanosome, Trypanosoma brucei, causes sleeping sickness in humans in subSaharan Africa. Here we report the sequence and analysis of the 1.1 Mb chromosome I, which encodes approximately 400 predicted genes organised into directional clusters, of which more than 100 are located in the largest cluster of 250 kb. A 160-kb region consists primarily of three gene families of unknown function, one of which contains a hotspot for retroelement insertion. We also identify ®ve novel gene families. Indeed, almost 20% of predicted genes are members of families. In some cases, tandemly arrayed genes are 99±100% identical, suggesting an active process of ampli®cation and gene conversion. One end of the chromosome consists of a putative bloodstream-form variant surface glycoprotein (VSG) gene expression site that appears truncated and degenerate. The other chromosome end carries VSG and expression siteassociated genes and pseudogenes over 50 kb of subtelomeric sequence where, unusually, the telomere-proximal VSG gene is oriented away from the telomere. Our analysis includes the cataloguing of minor genetic variations between the chromosome I homologues and an estimate of crossingover frequency during genetic exchange. Genetic polymorphisms are exceptionally rare in sequences located within and around the strand-switches between several gene clusters.
INTRODUCTION
African trypanosomes are eukaryotic parasites that replicate in the blood and tissue¯uids of mammals, remaining extracellular throughout the lifecycle. Sleeping sickness in humans is caused by the Trypanosoma brucei species complex, which is transmitted by tsetse¯ies. The disease exists as a zoonosis in foci throughout sub-Saharan Africa. There are 300 000± 500 000 cases and over 2 million disability-adjusted life years (DALYs) are lost annually (1) . Re-emergence can lead to epidemics, such as those reported in recent years (2) . Infection of livestock with pathogenic trypanosomes is also a major economic restraint in much of sub-Saharan Africa (3) . New chemotherapies are desperately required given the toxicity of available drugs and the rising prevalence of drug resistance (4, 5) .
The nuclear genome of T.brucei consists of three size classes of chromosome: 50±100 mini-chromosomes, a variable number of intermediate-sized chromosomes and 11 pairs of diploid megabase chromosomes (6) . The latter contain the majority of genes and are being sequenced to completion in an international collaboration between the Sanger Institute and The Institute for Genomic Research (TIGR, USA). Large sections of the genome are transcribed polycistronically, and gene regulation is thought to be largely post-transcriptional (7) . While the frequency of genetic exchange in the ®eld remains controversial (8) , a nonobligatory sexual cycle is observed and hybrid genotypes can be obtained (9) .
Trypanosomes have a sophisticated method of immune avoidance. The mammal-infective (metacyclic) and bloodstream forms are covered in a variant surface glycoprotein (VSG) and serial expression of antigenically distinct VSGs leads to antigenic variation. The transcribed VSG gene is always located in one of several telomeric expression sites on a megabase or intermediate chromosome, together with multiple expression site-associated genes (10±13). The unexpressed VSG genes on the mini-chromosomes and at internal sites may be transposed to expression sites by duplicative transposition during antigenic switching.
We present here the complete DNA sequence and analysis of Tb927 chromosome I (chrI), including polymorphism analysis and genetic crossover frequency. Together with the accompanying research report from El-Sayed et al. (14) , these data reveal for the ®rst time the detailed organisation of trypanosome megabase chromosomes. Almost half of chromosome I is putative coding sequence (CDS: the open reading frame that forms the protein-coding region of a putative gene) and over half the predicted genes are novel to biology. The genes are organised into long directional clusters, which probably re¯ects the important role of polycistronic transcription. Several novel T.brucei gene families are described. Some show considerable sequence variation, while variable numbers of perfectly conserved tandemly arrayed genes suggests a role for gene ampli®cation in control of protein levels in the parasite.
MATERIALS AND METHODS

Trypanosome stocks
The preparation of cloned T.brucei stocks of TREU (Trypanosomiasis Research, Edinburgh University) 927/4 (GPAL/KE/70/EATRO 1534) single VAT derivative GUTat 10.1 (Tb927), STIB (Swiss Tropical Institute, Basel) 247L (WA/TZ/71/STIB 247) (Tb247), 427 (Tb427), and laboratory hybrids have been described (6, 15, 16) . TREU927/4GUTat 10.1 DNA is the sequencing substrate for the African trypanosome genome project and its growth and differentiation have been characterised (17) .
Sequencing strategy and chromosome analysis
The DNA sequence of chromosome I was determined by whole chromosome shotgun (WCS). Brie¯y, the faster migrating homologue (chrIa) was excised and eluted from pulsed ®eld gels (PFGs), sheared and cloned into a puc18 plasmid vector. Clones were selected randomly and end-sequenced to~10Q coverage of the chromosome. Shotgun clones prepared from large-insert DNA cloned into bacteriophage P1 (18) and BAC vectors (selected by searching end-sequences at http://www.tigr.org/tdb/e2k1/tba1/gene. shtml) were also sequenced to~3Q coverage, providing a framework on which to assemble the WCS. This method has been described previously (19) . Sequence reads were assembled using PHRAP (P. Green, unpublished).
Annotation was performed using Artemis (20) . CDS predictions were based on multiple lines of evidence including Glimmer (21) , GC bias and sequence homology to known genes. Gene function was predicted using searches against sequences in public databases, Interpro hits and predicted domains (22, 23) (26) . Pseudogenes were identi®ed where a region of DNA has signi®cant BLASTX homology to known proteins but possible open reading frames were interrupted by stop codons or frameshifts. Repeated DNA was identi®ed using Dotter (27) and BLASTN. Paralogous genes were initially identi®ed using BLASTP searches against chromosome 1 predicted proteins and analysed using Clustal. Genes that were likely to have arisen by recent duplication from a common ancestor were de®ned as paralogous. Full details of CDS annotation may be viewed at http://www.genedb.org.
Nucleotide polymorphisms
The shotgun clone library of gel-eluted chrIa DNA is~80% pure and the remaining 20% derives mostly from the larger chrIb homologue (6). P1 and BAC clones derive from either homologue. Therefore, heterozygous DNA sequence polymorphisms between the chrI diploid homologues could be identi®ed and catalogued manually during the ®nishing process. In the text, we use the term SSP (small scale polymorphism) to describe minor genetic variations including single nucleotide substitutions, single and small-scale multibase deletions and insertions (indels), and microsatellite repeat variations (as de®ned at http://www.ncbi.nlm.nih.gov/SNP). Identi®cation of polymorphisms in DNA sequences found on multiple chromosomes is less reliable. Our method of SSP identi®cation was veri®ed by amplifying and sequencing 24 chrI regions of~500 bp from Tb927 genomic DNA, selected because they contained at least two putative SSPs. Heterozygous SSPs were identi®ed in sequence traces derived from diploid ampli®cation products and 97% of the annotated SSPs in these fragments were con®rmed.
Repeated DNA length polymorphisms
To determine the length of large tandem arrays, restriction enzyme sites in unique sequence¯anking tandem arrays, but not within array units, were identi®ed for digestion of genomic DNA. Fragments were separated by pulsed ®eld gel electrophoresis (PFGE) together with markers of known size, using optimal conditions for each fragment size range, then Southern-blotted and probed with a clone of the relevant repeat unit. Two different enzymes or combinations of enzymes were applied to show that length variation is not due to restriction site polymorphism. These enzymes were also combined with another cutting once inside the repeat unit, to check that expansion was not due to unique sequence insertions (data not shown). Tb927 chrI microsatellites (2±5 bp repeats, 70±100% identity) were identi®ed using Tandem Repeats Finder (28) . To facilitate comparison with the repeat lengths identi®ed in other organisms (29) , the analysis of number and length of perfect 2±4 bp repeat arrays (i.e. 100% identity between repeat units), includes only the number of perfect repeats to the left or right of the ®rst or last point mutation, whichever is the larger. A subset of microsatellites was ampli®ed by PCR. The primer sequences are available on request.
Genetic analysis
The generation of independent F1 progeny clones from crosses between cloned stocks Tb927 and Tb247 has been described previously (16, 30) . Heterozygous micro-and minisatellite markers (>10 repeats in Tb927) were selected for polymorphism analysis. None was detected to the left of marker MS42. The genotypes of 38 progeny clones were determined for the 13 markers shown in Figure 2D . The two most frequently inherited haplotypes were presumed to be parental, and the less frequent haplotypes the result of crossovers. [See further details in El-Sayed et al. (14) .] The proportion of crossovers between each pair of loci was calculated and expressed in centimorgans (cM). The physical size of the recombination unit is based on the Tb927 chrI sequence.
RESULTS AND DISCUSSION
ChrIa has been resolved into three contigs, of which the largest is 1 056 003 bp. The remaining two contigs of 3373 bp and 5096 bp contain telomeric repeats (31) and were positioned by hybridisation to Southern-blotted PmeI genomic digests to the right and left ends of chrIa (18) respectively (results not shown). The gaps between contigs are bordered by degenerate 76 bp repeats (32) . Tandemly arrayed CDSs with few sequence polymorphisms between copies could not be resolved by sequence alignment. The number of histone H3 genes was determined by comparison to a partial optical map (Schwartz et al., unpublished) and the numbers of a-and b-tubulin genes were estimated from mapping data, indicating 13±14 in one homologue and at least 9±10 in the other (producing HpaI/NcoI fragments of~50 and 36 kb respectively).
The megabase chromosomes of T.brucei are variable in size within and between isolates. Chromosome Ia of T.brucei stock TREU927 (Tb927 chrIa) is one of the smallest homologues observed to date (6, 15) . The total length of the DNA sequence presented here is 1 064 472 bp and manual annotation has revealed 534 putative CDSs. However, in the analysis presented here we do not include 139 short predicted CDSs (less than 150 codons) with no additional evidence of transcription, although these`unlikely CDSs' are included in the available annotation and are listed in Table S1 (see Supplementary Material available at NAR Online). Therefore, Figure 1 shows 395 predicted CDSs, including 26 pseudogenes. Where it is possible to assign a (putative) function to the product of a CDS, these have been coloured according to the gene ontology (GO) categories listed (26, 33) . Some CDSs are assigned more than one term within these categories (details may be viewed at http://www.genedb.org). Figure 1 shows variation in CDS length from~100 bp to >21 kb, and considerable variation in CDS/kb in different regions (gene density). The means are given in Table 1 . The G+C content of the left end of the chromosome (~200 kb containing expression site-associated sequences, simple repeats and the RHS gene family, etc.) is lower than that of the rest of the chromosome, re¯ecting the lower gene density in this region. Table 2 summarises the numbers of genes or CDSs in each category shown in Figure 1 . We have been unable to assign putative functions to the majority of annotated CDSs by sequence analysis, and many remain purely hypothetical (for de®nition, see Fig. 1 ). Sixty-two percent of CDSs did not have suf®cient similarity to any genes sequenced in other organisms to allow homology assignments, a ®gure similar to that reported on completion of the Plasmodium falciparum genome sequence (34) . This presumably re¯ects the large evolutionary distance between these parasites and other wellstudied eukaryotes.
Directional gene clusters Figure 1 shows long arrays of annotated CDSs and genes on the same strand of the chromosome (directional gene clusters) separated by strand-switch regions (35) . This organisation is more visible in Figure 2C , where the chromosome has been compressed to reveal the organisation of the clusters. There are eight possible strand-switches in the gene-rich region but >80% of the CDSs are located in just ®ve large clusters, which may represent polycistronic transcription units (35, 36) . Mature mRNAs are derived from polycistronic molecules by splicing and addition of a 5¢ cap (the spliced leader) and a poly(A) tail (7) . It is known that mRNA-coding genes in trypanosomes are transcribed by an enzyme with the biochemical properties of a eukaryotic RNA polymerase II, although it is not clear whether there are discrete transcription initiation sites. A promoter element for transcription by RNA polymerase II has been identi®ed only in association with the spliced leader RNA genes to date (37) . We are unable to identify related sequence, unusual primary sequence features or physical properties in the strand-switch regions that might indicate common transcription start sites, as reported also by El-Sayed et al. (14) on chromosome II.
Synteny in coding regions and conservation of strandswitch regions are observed between several trypanosomatid parasites (38 and unpublished data), suggesting an evolutionary pressure to conserve the close association of certain genes within clusters and raising the question whether clusters encode proteins involved in related cellular processes, requiring co-regulation or similar expression levels. Since the majority of CDSs on chrI are currently of unknown function, precluding hypothesis, this discussion must await further experimentation.
The clusters contained within the dotted lines (CDS 1.60± 1.530, left end) contain multiple members of the novel gene families, RHS and LRRP1 (13, 39) , and associated CDSs and mobile DNA elements. This region consists of only 17.8% predicted CDS, compared to 54% in the rest of the chromosome, and 44% of the predicted CDSs are pseudogenes. It is All short CDSs (<150 codons) for which there is additional evidence of transcription (such as conservation in other species) are shown (see text). Coloured boxes above the central line represent genes oriented 5¢®3¢ left to right, and below in the reverse direction. The CDSs are coloured with respect to GO process categories: hypothetical proteins are predicted from DNA sequence alone, while proteins labelled`process unknown' have homology to other proteins in T.brucei and/or other species but their biological process has not been de®ned.
not clear that this region is organised, or likely to be transcribed, in the same manner as the gene-rich region, due to the low density of protein coding genes and because the intact genes do not fall into distinct directional gene clusters. In many organisms pseudogenes rarely occur in the central regions of chromosomes and mainly occur in genus-or species-speci®c gene families involved in adaptive functions, such as environmental response (40) . Less conserved genes are also more commonly found in subtelomeric regions than in the chromosomal core. This organisation is thought to be related to the higher rate of recombination observed in these regions promoting ampli®cation and subsequent sequence divergence, whilst conserving the housekeeping genes in the less recombinogenic central core (41, 42) . Therefore, the pseudogenes are not necessarily`dead' (40) . They may represent a reservoir of spare parts from which novel forms appear. The RHS region is located very close to the telomere in Table 3 , plus intact VSG genes. b Number of GO process terms assigned (see also Fig. 1 chromosomes that lack a bloodstream form VSG expression site (see below), as observed in chrIb and chrIIa (6, 14) . Larger homologues of chrI in other isolates contain many more RHS and associated sequences in subtelomeric locations and the considerable size variability of this region, between even closely related isolates (18) , suggests a capacity for rapid divergence in these sequences. Interestingly, Tb927 chrII is much less size variable than chrI (6,15), yet has a greater number of RHS and associated sequences. However, fewer of these are pseudogenes, perhaps indicating a lower rate of recombination in this region on chrII.
VSG genes and VSG expression sites
Variant surface glycoprotein genes (VSG) are only expressed when inserted into an active expression site (ES). Transcribed VSG genes are invariably positioned adjacent to a telomere, with upstream~76 bp repeats. Both metacyclic and bloodstream-form trypomastigotes are covered in VSG protein and different expression sites are used at these stages (MES and BES respectively) (reviewed in 10). The left subtelomeric region of Tb927 chrI contains a sequence similar to that of previously described BES promoters. However, the degree of similarity to the chrI sequence is not as high as that between ES promoters that are known to be functional (normally >90%). The functional elements in BES promoters have been described (43, 44) and the chromosome I sequence does not conform to a standard BES promoter using the criteria in either report. Downstream of this element are a single VSG and an ingi retrotransposon, but no complete copy of any expression site-associated genes (ESAGs). ESAGs 6 and 7 have been found in all functional BES characterised to date (13) and this putative BES appears truncated and degenerate compared with all others in the literature. It is not known if it is functional. Upstream of the promoter is an array of BES-associated 50 bp repeats and the entire region is haploid, in that no BESassociated sequences are present on chrIb (6, 18) . At the other end of Tb927 chrI there are ®ve VSG genes within 52 kb of the telomere (including one pseudogene), together with ESAG-like sequences interspersed with other CDSs, but no sequence similarity is detected to previously described MES or BES promoter sequences (10, 44) . Normally, telomeric VSG genes are transcribed towards the telomere. Unusually, the telomeric VSG gene at the right end of Tb927 chrI is positioned in a reverse orientation. Due to a single strand-switch in this region, the ®ve genes adjacent to the telomere are on the reverse strand, such that the 76 bp repeats lie between the VSG gene and the telomere. Two VSG genes in this cluster lack the upstream 76 bp repeats that are usually involved in duplicative transposition (10) . An inverted telomeric VSG gene has been described previously, at a position 24 kb from a telomere in T.brucei stock AnTat1.1 (45) . This gene was shown to act exclusively as a donor in a transposition event that targeted it to a telomeric expression site elsewhere in the genome. Since this was a rare event that occurred only late in a chronic infection, the authors proposed that its inverse orientation with respect to the chromosome end reduced the ef®ciency of gene conversion by telomere pairing. It is possible, then, that the right end of Tb927 chrIa is not an active expression site but contains basic copy VSG genes that may be transposed to active sites during antigenic variation (10, 14) . In contrast to other reports (45 and unpublished data), we do not observe any ingi-like sequence adjacent to the VSGs oriented away from the telomere, or in the strand-switch region between VSGs.
Single nucleotide polymorphisms and other minor genetic variations between homologues
The distribution of minor genetic polymorphisms (referred to here as SSPs) is illustrated in Figure 2 . We have identi®ed 965 polymorphic sites, including 72% single nucleotide substitutions, 10% single nucleotide indels, 10% microsatellite variations and 3.5% dinucleotide indels. Such polymorphisms are observed at a mean frequency of~1 SSP/kb, ranging from 5 SSP/kb in some regions to 1 SSP/5 kb in one strand-switch region. It is more dif®cult to accurately de®ne chrI SSPs in sequences found on multiple chromosomes (e.g. RHS, ingi and ribosomal RNA genes), and these should be treated with caution. Of the 965 polymorphic sites,~30% are found in putative CDS. Table 2 shows that 119 CDSs contain polymorphisms. Of these, 32 may be signi®cantly altered in protein sequence.
One surprising observation is the low number of SSPs within and around several coding strand-switch regions (Fig. 2) . In particular, 12 SSPs were detected in a 60 kb region (position 730 000±790 000 in Fig. 1 ) containing just 12 genes, of which eight code for relatively short hypothetical proteins, and three retroposon-like elements. While it is unlikely that evolutionary pressure is selecting against mutations over such a large region it is possible that other phenomena, such as increased gene conversion rates, could be acting to reduce accumulation of SSPs between homologues. This observation would be greatly strengthened if we were to observe a similar level of conservation when comparing multiple isolates. Table 3 summarises characteristics of the paralogous gene families identi®ed on chromosome I. Remarkably, almost 20% of the annotated genes are closely related members of families. There are seven whose members have no homologues in other organisms and no characterised function (numbers 1±4, 7, 13 and 15 in Table 3 ), excluding the previously studied ESAGs and VSGs. Some families occur in alternating arrays, suggesting that they may require coregulation as observed with a-and b-tubulin (46, 47) .
Gene families
Differential expression of genes in T.brucei appears strongly in¯uenced by their 3¢ untranslated regions (UTRs) (7). There is no robust bioinformatic method of identifying the precise boundaries of 3¢ UTRs, so we chose to compare 300 bp of sequence downstream of every intact CDS. Table 3 shows the results of this analysis for each gene family on chrI. We found that near-identical 3¢ sequences (>90% identity over 100 bp or more) on chrI are always associated with gene families, although not all gene families have near-identical UTRs. As previously described, the differentially expressed members of the phosphoglycerate kinase (PGK) gene family have highly divergent 3¢ sequences (48) , while the a-and b-tubulin genes have identical 3¢ sequences and are not differentially expressed (47) . Family 15 has very conserved UTRs except the most 3¢ family member, and this may be associated with a different expression pattern compared to the other family members. This may also be the explanation for the divergent UTRs of family 4 and the calpain-like proteases.
In some gene families, duplication and divergence serve to produce diversity in proteins within the family (for example, the RHS family discussed above). However, Table 3 shows that several tandem arrays contain multiple repeated CDSs that are almost identical. This is remarkable given that almost no polymorphisms, not even synonymous substitutions, are found on either chrIa or Ib. It appears likely that the level of cellular protein is altered by the ampli®cation and deletion of identical gene copies within the array. It has been shown that there is a negative correlation between percentage identity and distance between repeats in eukaryotes and prokaryotes (49, 50) , also that the deletion/conversion rate is negatively correlated with the distance between repeats (51). Therefore, close direct repeats are more likely to be similar than dispersed repeats, either because they are more recent or are more subject to gene conversion. However, since the maintenance of repeat identity involves recombination, it is also observed that arrays of large repeats are most liable to deletion and are usually too unstable to persist in the absence of selection. For this reason, tandem repeats are usually smaller than dispersed repeats (49, 50) .
Several of the repeat units on chrI are very long by comparison with those discussed in other organisms (49, 50) and they vary in number between trypanosome isolates. Figure 3A shows variation in the length of restriction fragments encompassing multiple tandemly arrayed copies of tubulin genes, histone H3 and CDSs of unknown function (families 10±13 and 15). Each of these arrays on Tb927 chrI contains CDSs that are 99±100% identical with no unique sequences between the repeat units. Since even third position nucleotide changes that would not alter amino acid sequence are not observed, we suggest that the process of ampli®cation and deletion is an ongoing process and that gene conversion removes copy errors. It remains to be determined to what extent protein levels are altered and whether this is involved in adaptation to environmental factors, but the length of some of these arrays suggests that there is selective pressure to maintain them. Similarly, several long arrays of intergenic repeats (shown in Fig. 1 ) are also >98% identical. In Tb927 the open reading frame of CDS 1.1740 contains over 20 kb of almost perfect 123 bp repeats. Figure 3A shows that the array may expand to produce a putative CDS of >30 kb.
The sequences represented in Figure 3A contribute~100 kb to size variation between chrI homologues in Tb927 and Tb427 (Fig. 3A) . In all cases, the smallest allele is observed in Tb927.
Polymorphic microsatellites and the genetic map
We have identi®ed 90 perfect di-, tri-and tetra-nucleotide microsatellites of greater than or equal to ®ve repeat units in chrI (excluding telomere and telomere-associated sequences). A comparative analysis of 1 Mb of sequence derived from each of human, mouse, fruit¯y and yeast identi®ed 278, 577, 235 and 120 microsatellites, respectively (29) . The reduced counts in the lower eukaryotes presumably re¯ect the greater gene density. However, the remarkable feature of the T.brucei microsatellites is their median length. In 1 Mb of yeast sequence, 84% of perfect dinucleotide microsatellites contain <10 repeats, 99% contain <15 repeat units (total = 76) (29) ; the respective counts in T.brucei chrI are 40 and 86% (total = 54). Several studies have shown that variable length distribution of simple repeats in different species is most likely due to a difference in the frequency of polymerase template slippage during replication, i.e. that slippage rates vary taxonomically (29, 52) , and that this correlates with higher mutation frequencies in longer arrays. Analysis of repeat arrays of >70% identity in ChrI reveals even longer microsatellites, presumably because very long arrays are often interrupted by point mutations. Figure 3B shows variation in the length of four chrI microsatellites in three T.brucei stocks. Many microsatellites in T.brucei may be conveniently scored across isolates on agarose rather than polyacrylamide gels (for example, D2 apparently varies by >170 bp between Tb927 and Tb427 in Fig. 3B) . However, the apparently higher slippage rate in T.brucei may affect the usefulness of such genetic markers for comparison of diverse populations.
The distribution of microsatellites of >10 repeats (i.e. those most likely to show allelic polymorphism) and >70% identity is illustrated in Figure 2A . It is notable that very few exist in one-third of the chromosome, in the BES or the RHS region, despite the lower gene density. Application of a c 2 test does not detect any signi®cant correlation in the distribution of the microsatellites and SSPs shown in Figure 2 (P > 0.05).
The map shown in Figure 2E was generated by analysis of the inheritance of a subset of the microsatellites [and one minisatellite, MS42 (53)] (Fig. 2D) in the progeny of Tb927 Q Tb247 crosses (16) . A degenerate 58-bp repeat that extends for 5.5 kb is located in a region where no crossovers were observed (13B/15B), within the SSP-poor strand-switch region described above. This region is conserved in Trypanosoma cruzi chromosome III where chromosome fragmentation experiments suggest that it is required for mitotic stability (J. Kelly, personal communication), suggesting it has centromeric properties. Centromeres are generally located in regions of low recombination frequency. Although this sequence is found only on chrI, centromeres are not always conserved in primary sequence (54) .
Crossover frequencies range from~8 to >90 kb/cM, giving an average value for the physical size of the recombination unit of 22 kb/cM. This is similar to that determined for P.falciparum (55) . A genetic map for chrII has also been constructed (14) and, although chrII is only 130 kb larger than chrI, a signi®cantly larger number of crossovers was observed (c 2 = 10.3, P < 0.01).
The complete sequence and analysis of chromosome I of T.brucei stock Tb927 has revealed numerous novel CDSs. This chromosome is smaller than chromosome I homologues in almost all other trypanosome stocks studied to date. In some stocks, chrI is >3.5 Mb in size although no loss of linkage between cDNA markers has been observed (6, 15) . We propose that most, if not all, of this size variation is accounted for by ampli®cation of DNA sequences contained within the chrI sequence presented here. Our data demonstrate that gene families are undergoing rapid expansion and contraction and we speculate that in some cases gene conversion events are acting to maintain a high level of sequence identity between copies. Analysis of SSPs in the chrI homologues reveals a lower density around strand-switch regions. 
